The human rhinoviruses (HRVs), members of the Picornaviridae family, are the major etiologic agents of the common cold (29) . They include over 100 immunologically non-crossreactive serotypes, classified into a minor and a major group according to membrane receptor recognition (5, 32) . HRVs contain four nonglycosylated structural proteins, VP1, VP2, VP3, and VP4, forming a capsid with icosahedral symmetry. Within the capsid lies a single-stranded RNA genome which serves as a monocistronic mRNA for the synthesis of the structural and nonstructural proteins of the virus. Upon entry into the host cell, the viral RNA is translated into a large polyprotein which is subsequently cleaved by virus-encoded proteases (19) . Unlike other types of picornaviruses, the human rhinoviruses are adversely affected by acidic pH and replicate optimally at 33°C or colder. This may partly account for their predilection for the cooler environment of the nasal mucosa, limiting rhinoviruses to upper respiratory infections.
Although there is an abundance of remedies for the common cold from nasal vasoconstrictors to vitamin C, no specific antiviral therapy has been found to be effective. Also, the large variety of immunologically non-cross-reactive rhinovirus serotypes and apparent antigenic drift in rhinoviral antigens cause major problems for the development of an effective vaccine (5) . A different approach against rhinovirus infection was reported by Tyrrell et al., who demonstrated a beneficial role for local hyperthermia (20 to 30 min at 43°C) in improving the course of the disease in clinical trials in patients with natural and experimental common colds (31) . In this case, brief hyperthermic treatment (HT) did not alter the frequency of antibody response in volunteers, suggesting either a direct effect of HT on rhinovirus replication or an inhibitory effect on inflammatory processes and the ensuing symptomatology. However, the mechanism of the anti-HRV activity of hyperthermia is not known.
Eukaryotic and prokaryotic cells respond to an increase in environmental temperature by expressing a specific set of cytoprotective proteins referred to as heat shock proteins (HSP) or stress proteins (13) . HSP are utilized in the repair process following different types of injury to prevent damage resulting from the accumulation of nonnative proteins. In mammalian cells, HSP are induced in a variety of pathophysiological conditions, including fever, inflammation, oxidant injury, and virus infection (7) . Induction requires the activation, translocation to the nucleus, and phosphorylation of a transregulatory protein, the heat shock transcription factor HSF (17) . The 70-kDa heat shock proteins (hsp70) function as molecular chaperones and are encoded by a multigene family, including the constitutively expressed hsc70, the major inducible hsp70, the inducible hsp72, the glucose-regulated grp78/BiP, and the mithocondrial hsp75 (7, 13) . A cytoprotective role of hsp70 in a variety of human diseases, including ischemia, inflammation, and infection, is widely recognized (7, 17) .
In the case of viral infection, evidence for the presence of HSP in intact virions or association of HSP with virus proteins during infection, as well as for the modulation of HSP synthesis by viruses, has been reported (23) . However, the role of HSP in viral infection is still controversial. The possibility that elevated levels of hsp70 may interfere with viral replication has been suggested by a variety of studies describing the antiviral activity of cyclopentenone prostaglandins and other inducers of the heat shock response in negative-strand RNA viruses (reviewed in references 23 and 24). In the case of picornaviruses, induction of the heat shock response has been studied mainly during poliovirus infection. Constitutive hsp70 was shown to be associated with newly synthesized capsid precursor P1 of poliovirus, and the hsp70-P1 complex was found to be part of an assembly intermediate (14) . On the other hand, poliovirus infection was shown to inhibit constitutive or heat shock-induced hsp70 synthesis starting 2 to 3 h after infection (14, 18) . Infection with poliovirus type 2 was recently shown to prevent HSP induction also by cyclopentenone prostaglandins (4) .
Starting from the observation that HT is beneficial in patients with common colds, we have studied the induction of the heat shock response by hyperthermia and cyclopentenone prostaglandins during HRV infection in human cells. We provide evidence that, unlike poliovirus, rhinovirus infection does not inhibit the expression of hsp70 induced by heat or cyclopentenone prostaglandins and that both hyperthermia and prostaglandin treatment result in inhibition of HRV replication. The antiviral effect is a transient cell-mediated event, associated with hsp70 synthesis.
MATERIALS AND METHODS
Cell cultures. HeLa (Ohio) cells were grown at 37°C in a 5% CO 2 atmosphere in Eagle's minimal essential medium (MEM) supplemented with 10% fetal calf serum (FCS), 2 mM glutamine, 100 IU of penicillin G per ml, and 100 g of streptomycin per ml.
Virus infection and titration. Confluent HeLa cell monolayers were infected with HRV serotype 1B or 14 (3) for 1 h at 33°C at a multiplicity of infection (MOI) of 1, 5, or 10 PFU/cell. The viral inoculum was removed, and cell monolayers were washed three times with phosphate-buffered saline (PBS) and incubated with MEM containing 2% FCS at 33°C. Prostaglandin A 1 (PGA 1 ) and 9-deoxy-⌬ 9 , ⌬ 12 -13,14-dihydro-prostaglandin D 2 (⌬ 12 -PGJ 2 ) (Cayman Chemical Co.) were stored in absolute ethanol and diluted to the appropriate concentration at the time of use. Control media contained the same concentration of ethanol diluent, which did not affect cell metabolism or virus replication. For the heating procedure, flasks were immersed in a temperature-controlled water bath (Grant Instruments) for 20 min at 45 Ϯ 0.01°C, unless specified otherwise. HT (45°C, 20 min) was not cytotoxic to uninfected HeLa cells as shown by the trypan blue exclusion technique 24 h after heat shock (data not shown). Virus production was determined by plaque assay as described previously (3) . Briefly, after three cycles of freezing and thawing, serial 10-fold dilutions of HRV were prepared and inoculated on confluent HeLa cell monolayers in 35-mm-diameter plates. After 1 h at 33°C, the inoculum was removed, and cells were washed three times with PBS before the addition of MEM containing 2% FCS and 1% SeaPlaque agarose (Miles). After 3 days of incubation at 33°C in a 5% CO 2 atmosphere, plaques were stained with 0.33% neutral red solution. For virus purification, HeLa cells infected with 10 PFU of HRV serotype 1B were labeled with [ 35 S]methionine (25 Ci/ml/5 ϫ 10 5 cells, 20-h pulse) in the presence of actinomycin D (0.5 g/ml) starting 5 h postinfection (p.i.). After three cycles of freezing-thawing and clarification at 6,000 ϫ g for 20 min at 4°C, the supernatants diluted in PBS were centrifuged at 12,000 ϫ g for 20 min and the virus was pelleted by centrifugation at 100,000 ϫ g for 4 h at 4°C. Unless otherwise specified, HRV serotype 1B was utilized for the experimental protocols.
DNA, RNA, and protein synthesis. 6.8] ) and the radioactivity incorporated into TCA-insoluble material was determined. Samples were analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) in a vertical slab gel apparatus (3% stacking gel, 10 or 12% resolving gel) and processed for autoradiography, as described previously (2) . Autoradiograms were quantified densitometrically with a laser beam densitometer (Ultroscan XL; LKB) (2) , and bands were expressed as relative peak areas. Virus proteins were identified on the basis of M r and in relation to the position of viral marker proteins from [
35 S]methionine-labeled purified HRV serotype 1B.
Immunoblot analysis. For immunoblot analysis, an equal amount of protein from each sample was separated by SDS-PAGE and blotted onto nitrocellulose, as described previously (27) . After transfer, the filters were incubated with antihsp70 monoclonal antibodies (diluted 1:500) from HeLa cells (Amersham) in Ten-Tween 20 buffer (0.05 M Tris-HCl [pH 7.4], 5 mM EDTA, 0.15 M NaCl, 0.05% Tween 20) , and the bound antibody was detected by using horseradish peroxidase-linked sheep antimouse antibody (Amersham International). Molecular weights were calculated by using Bio-Rad low-M r markers.
Statistical analysis. Statistical analyses were performed by using Student's test for unpaired data. Data are expressed as the means Ϯ standard deviations (SDs) of at least duplicate samples. P values of Ͻ0.05 were considered significant.
RESULTS
Inhibition of HRV replication by brief HT in HeLa cells. The effect of brief HT on rhinovirus production in human cells was evaluated under one-step growth conditions. HeLa cells infected with HRV serotype 1B (10 PFU/cell) were subjected to a 45°C HT (20 min) soon after the adsorption period (time 0) or at 3, 6, and 9 h p.i. Cells were incubated at 33°C, and virus yield was quantitated by plaque assay at 12 h p.i. Figure 1A shows that HT, when applied in specific stages of the virus cycle, was strongly effective in inhibiting HRV replication for at least 12 h. The most dramatic effect was observed at 6 h p.i., with a reduction in virus yield of more than 99% relative to that of the control. HT applied at later times of the virus growth cycle (9 h p.i.) resulted in a decreased inhibitory effect (approximately 80% reduction relative to the control), whereas treatment soon after infection (time 0) had no significant effect on virus yield, indicating that inhibition of rhinovirus replication is not due to an aspecific cytotoxic effect of heat.
To investigate whether this effect was temperature dependent and was influenced by the MOI of the virus, confluent HeLa monolayers were infected with HRV at an MOI of 1 or 10 PFU/cell for 1 h at 33°C and, at 6 h p.i., were subjected to HT at 37, 43, or 45°C for 20 min. Inhibition of virus replication, determined 12 h p.i. by plaque assay, was found to be temperature dependent, and a 2-log reduction in HRV yield was obtained after treatment at 45°C (Fig. 1B) . Heat treatment at 43°C appeared to be less effective in cells infected with 10 PFU of HRV (approximately 40% reduction in virus yield relative to untreated control) than in cells infected with 1 PFU (ϳ70% reduction), whereas heat treatment at 45°C was similarly effective at low and high MOIs (Fig. 1B) . Inhibition of virus replication by HT is transient. In fact, when virus yields from parallel cultures were measured at 24 h p.i., virus titers of heatstressed cells were comparable to that of untreated control cells (Fig. 1C) , indicating that brief HT results in the delay, but not in the irreversible block, of HRV replication. The fact that inhibition of virus replication is transient further indicates that the reduction in virus yield is not caused by an aspecific irreversible cytotoxic effect of hyperthermia in HeLa cells.
To investigate whether the antirhinoviral activity of hyperthermia was a general effect or was specific for serotype 1B which belongs to the HRV minor group according to membrane receptor recognition, the effect of HT was tested on HRV serotype 14, a representative member of the major HRV group (32) . HeLa cells infected with HRV serotype 14 (1 PFU/ cell) were subjected to a 43°C HT (20 min) at 6 h p.i. Cells were incubated at 33°C, and virus yield was quantitated by plaque assay at 12 h p.i. HT was found to reduce the HRV serotype 14 yield by more than 90% at this time (control, 1.50 ϫ 10 6 Ϯ 0.40 ϫ 10 6 PFU/ml; HT, 1.36 ϫ 10 5 Ϯ 0.50 ϫ 10 5 PFU/ml). Effect of brief HT on cellular and viral protein synthesis. Inhibition of virus replication after HT has been previously associated with induction of HSP (6, 23) . On the other hand, it has been shown that infection with different members of the Picornaviridae family, the polioviruses, prevents the expression of HSP stimulated by hyperthermia or chemical inducers of the heat shock response (4, 18) . To investigate whether HRV infection could interfere with HSP expression and whether brief HT would affect HRV protein synthesis, HeLa cells infected with HRV (10 PFU/cell) were either kept at 33°C or subjected to HT (45°C, 20 min) at 6 h p.i. After a 1-h recovery period at 33°C, cells were labeled with [
35 S]methionine (1-h pulses at 33°C) at different times p.i. Uninfected cells were treated identically. Virus yield was quantitated by plaque assay at 12 h p.i. HT caused the expected reduction of virus yield at 12 h p.i. (Fig. 2D) . As determined by [
35 S]methionine incorporation into TCA-insoluble material, heat stress was found to moderately (Ͻ30%) inhibit protein synthesis in uninfected HeLa cells for a period of approximately 3 h (Fig. 2A) . Under the conditions described, rhinovirus infection caused progressive inhibition of HeLa cell protein synthesis, and no difference between untreated and HT-treated cells was detected ( Fig. 2A) . Samples containing an equal amount of radioactivity were processed for SDS-PAGE analysis and autoradiography. As expected, in uninfected HeLa cells, HT induced the synthesis of a 72-kDa protein, identified as hsp70 by Western blot analysis with anti-hsp70 monoclonal antibodies (data not shown). hsp70 synthesis started 1 h after heat shock and continued at a lower level for the following 3 to 4 h ( Fig. 2B and C) . HRV infection did not induce HSP synthesis in HeLa cells. HRV-infected cells were able to respond to HT by synthesizing hsp70 in an amount comparable to that of uninfected cells (Fig. 2B and C) , indicating that rhinoviruses, unlike polioviruses, do not interfere with HSP expression even in relatively late stages of infection in human cells. Levels of actin synthesis were instead decreased in HRV-infected cells (Fig. 2B) . Finally, even though it greatly reduced virus yield, HT caused only a modest inhibition of HRV protein synthesis at 7 h p.i., whereas no difference in viral protein synthesis was detected between untreated and HTtreated cells at later times of infection ( Fig. 2B and C) , suggesting that HT could affect a posttranslational event in the replication cycle, possibly by interfering with the virus assembly process or with virus release from infected cells.
In a parallel experiment, HeLa cells were infected with HRV at a low MOI (1 PFU/cell) and, after the 1-h adsorption period, were either kept at 33°C or subjected to HT (45°C, 20 min) at 6 h p.i. After a 1-h recovery period at 33°C, the cells were labeled with [
35 S]methionine for the following 2 h at 33°C. Uninfected cells were treated identically. Samples containing an equal amount of radioactivity were processed for SDS-PAGE analysis and autoradiography. As shown in Fig. 3A , the levels of hsp70 synthesis were comparable in uninfected and HRVinfected cells. For hsp70 identification, equal amounts of protein from each sample were separated by SDS-PAGE and processed for immunoblot analysis using anti-hsp70 monoclonal antibodies (Fig. 3B) . Although virus proteins were not detectable by SDS-PAGE under these conditions, the synthesis of two polypeptides (indicated in Fig. 3A) , whose identification is presently under investigation, was evident in untreated, but not in HT-treated, infected cells.
Effect of PGA 1 on rhinovirus infection. To investigate whether the antiviral effect of HT was a consequence of the induction of a heat shock response and HSP expression in the infected cell, we tested the effect of the cyclopentenone PGA 1 , which is a potent inducer of hsp70 synthesis (27) , on HRV production after one cycle of virus growth. Confluent monolayers of HeLa cells were infected with HRV (10 PFU/cell) and, after the 1-h adsorption period, were treated with different concentrations of PGA 1 or control diluent at 33°C. Virus yield was determined by plaque assay at 12 h p.i. PGA 1 was found to reduce HRV production dose dependently, and an inhibition of more than 80% was observed at the concentration of 10 g of PGA 1 /ml (Fig. 4A ). As shown above for HT, the antiviral effect of PGA 1 was transient, and, at 24 h p.i., the virus yield in cells treated with 10 g of PGA 1 /ml (30 M) was equal to 70% of that of control cells. However, the readdition of PGA 1 to infected cells at 12 h p.i. resulted in a virus yield reduction of more than 80% up to 24 h p.i. (data not shown).
In a different type of experiment, HeLa cells were infected with HRV (100 PFU/dish) and, after the adsorption period (1 h, 33°C), were incubated with a semisolid medium containing agarose (1%) and PGA 1 (10 g/ml) or control diluent. The number and the size of viral plaques were determined after neutral red staining at 48 and 72 h p.i. Under these conditions, PGA 1 treatment inhibited HRV replication and caused a dramatic reduction in the number of plaques at 48 h p.i. (control cells, 98 Ϯ 12 plaques/dish; PGA 1 -treated cells, 8 Ϯ 3 plaques/ dish) (Fig. 4A, inset) . At later times of infection (72 h p.i.), the number of plaques in PGA 1 -treated cells increased and was comparable to 60% of that in control cells; however, the plaque size was reduced by more than 50% in treated cells relative to that of the control.
Under the conditions described above, PGA 1 was shown not to be toxic to uninfected human cells, as determined by microscopic examination and vital dye uptake (Fig. 4A, inset) . At the effective antiviral concentration, PGA 1 also did not appear to affect nucleic acid or protein synthesis in HRV-infected cells at 12 h p.i. (Fig. 5) . Confluent monolayers of HeLa cells uninfected or infected with HRV (10 PFU/cell) were treated with PGA 1 (10 g/ml) or with a different cyclopentenone prostaglandin, ⌬ 12 -PGJ 2 (4 g/ml), 1 h after the adsorption period and then labeled with Both prostaglandins caused a modest reduction in RNA synthesis in mock-infected cells, which did not appear to be due to a reduction in the uptake of precursors, since intracellular [ 3 H] uridine levels were not decreased in prostaglandin-treated cells (Fig. 5C and D) .
Effect of PGA 1 on host cell and HRV protein synthesis. To determine the effect of PGA 1 treatment on the kinetics of HRV protein synthesis, HeLa cells were infected with HRV (5 PFU/cell) and treated with PGA 1 (10 g/ml) or control diluent after the 1-h adsorption period. Cells were then labeled with [
35 S]methionine (1-h pulse) at different times p.i. In uninfected cells, as already described for the same cell line kept at 37°C (4), treatment with PGA 1 at 33°C did not greatly affect the overall electrophoretic protein profile, but it induced the synthesis of a 72-kDa cellular protein, which was identified as hsp70 by immunoblot analysis (data not shown). In HRVinfected cells, hsp70 synthesis started 4 h after PGA 1 treatment and continued for up to 10 h (Fig. 4B ), confirming that, unlike poliovirus, rhinovirus infection does not interfere with hsp70 expression. Under these conditions in control cells virus protein synthesis started 6 h after infection and several virus proteins were evident at 8 to 10 h p.i. PGA 1 treatment was found to cause a delay in the synthesis of HRV proteins, which was not detected for up to 10 h p.i.
Since the antiviral activity of cyclopentenone prostaglandins in negative-strand RNA virus models has been shown to be dependent on the induction of hsp70 synthesis (2, 20), we investigated the effect of actinomycin D, which is known to inhibit PGA 1 -induced HSP expression (2, 16), on HRV production. HeLa cells infected with HRV (10 PFU/cell) were treated with PGA 1 (10 g/ml) or control diluent soon after the 1-h adsorption period in the presence or absence of actinomycin D (2 g/ml). Virus yields were determined at 12 h p.i. As shown in (Fig. 6B) , suggesting that hsp70 could be involved in the control of HRV replication.
Effect of ⌬ 12 -PGJ 2 on HRV replication. To determine whether cyclopentenone prostaglandins other than PGA 1 could inhibit rhinovirus replication, we investigated the effect of ⌬ 12 -PGJ 2 on HRV infection. HeLa cells infected with 10 PFU of HRV/cell were treated with different concentrations of ⌬ 12 -PGJ 2 or ethanol diluent after the 1-h adsorption period. Virus yield was determined by plaque assay at 12 h p.i. Treatment with ⌬ 12 -PGJ 2 was found to reduce HRV production dose dependently, and an inhibition of approximately 90% was observed at the concentration of 4 g of ⌬ 12 -PGJ 2 /ml (12 M) (Fig. 7A) . At this concentration, ⌬ 12 -PGJ 2 was not toxic to uninfected HeLa cells and, as described above, did not significantly affect nucleic acid and protein synthesis in either uninfected or HRV-infected cells (Fig. 5) . To investigate whether the antiviral activity of ⌬ 12 -PGJ 2 was also dependent on cellular protein expression, HRV-infected HeLa cells (10 PFU/cell) were treated with 4 g of ⌬ 12 -PGJ 2 /ml in the presence or absence of actinomycin D (2 g/ml) for 12 h after infection. Treatment with actinomycin D completely prevented ⌬ 12 -PGJ 2 -induced inhibition of rhinovirus replication, indicating that, as shown above for PGA 1 , the antiviral activity of ⌬ 12 -PGJ 2 is cell mediated (Fig. 7B ).
DISCUSSION
The results described in the present report indicate that brief HT, when applied at specific stages of the virus cycle, is effective in blocking rhinovirus replication during primary infection of human cells. The inhibitory effect of HT on HRV replication is temperature dependent, and, under one-step multiplication conditions, a 20-min treatment at 45°C was found to be extremely effective, independently of the MOI. The most dramatic effect was observed when HT was applied at 6 h p.i., with a reduction in virus yield of more than 99% relative to that of the control. HT applied at later times of the virus growth cycle (9 h p.i.) resulted in a decreased inhibitory activity, whereas no significant effect on virus replication was found when heat shock was applied soon after virus entry into the cells. These results indicate that the antiviral effect is not due to a general change in membrane fluidity or cell metabolism. In fact, a brief exposure to high temperature (45°C for 20 min) did not damage HeLa cells and only moderately (Ͻ30%) inhibited protein synthesis for a period of approximately 3 h in uninfected cells. HT also did not inhibit protein synthesis in HRV-infected HeLa cells (Fig. 2A) .
In spite of the dramatic reduction of HRV yield after one cycle of virus growth, HT of HeLa cells did not significantly alter the synthesis of viral proteins at 9 and 11 h p.i., indicating that the target for HRV inhibition could be a posttranslational event. This hypothesis is also supported by the finding that no antiviral effect is observed when HT is applied soon after virus entry into the host cell. A posttranslational event was previously suggested as the target for the antiviral activity of brief HT in vesicular stomatitis virus-infected monkey epithelial cells (6) . However, the mechanism by which brief HT can control HRV replication at specific stages of the virus cycle remains to be established. In different types of models of acute RNA virus infection, the antiviral activity of hyperthermia has been associated with the induction of a protective heat shock response and the synthesis of HSP in the infected cell (reviewed in references 23 and 24).
In the case of picornaviruses, increased levels of hsp70 have been detected in cultured neonatal myocardial cells from BALB/c mice after infection with two different picornaviruses, encephalomyocarditis virus and coxsackievirus B3 (11) . Whether hsp70 is an unnecessary by-product of the viral infection or has a function in the viral life cycle is as yet unclear. hsp70 was also shown to be associated with newly synthesized capsid precursor P1 of poliovirus and coxsackievirus B1 in infected HeLa cells (14) . The half-life of P1 was increased when bound to hsp70, and hsp70-P1 complexes were uncleavable by the viral protease. As anticipated in the introduction, infection with polioviruses, which are known to cause a dramatic shutoff of the host cell protein cap-dependent translation by proteolytically inactivating the cap-binding protein complex (22) , inhibits constitutive as well as heat shock-induced hsp70 synthesis in human cells, even though to a minor extent in comparison to other cellular proteins (14, 18) . We have recently shown that infection with poliovirus type 2 also prevents hsp70 synthesis after treatment with a different class of HSP inducers, the cyclopentenone prostaglandins (4) . On the other hand, the translation of the glucose-regulated protein BiP was found to be increased in poliovirus-infected HeLa cells, at a time when cap-dependent translation of cellular mRNA is inhibited (28) . We have now shown that, unlike polioviruses, rhinovirus infection does not induce the expression of glucose-regulated proteins and does not prevent heat shock-induced hsp70 synthesis in HeLa cells. Under the conditions described herein, comparable levels of this protein were detected in uninfected and HRV-infected cells. Based on the hsp70-P1 complex formation described in cells infected with other types of picornaviruses (14) , it could be hypothesized that intracellular accumulation of high levels of hsp70 during specific stages of rhinovirus infection could impair virus maturation and/or release from the infected cells, possibly by hsp70 binding to viral polypeptides. Since HSP are known to be stable proteins (13) , the relative time-specific effect of heat could be a consequence of the fact that hsp70 is utilized by the cell as a molecular chaperone as soon as it is synthesized. In this case, the availability of large amounts of newly synthesized protein could be essential for interaction with virus proteins or viral components at different times of the virus cycle.
It should be emphasized that inhibition of virus replication by HT is transient. If treatment is not repeated, HRV yields from HT-treated cells can reach the control level at later times of infection (24 to 48 h p.i.), confirming that the reduction in virus yield is not caused by an aspecific cytotoxic effect of hyperthermia in HeLa cells. The fact that hsp70 synthesis after heat shock is also transient, and it persists only for a period of 3 to 4 h after treatment, supports the possibility that high levels of hsp70 synthesis are necessary for the antiviral effect to persist. To investigate the possibility that hsp70 could play a role in the control of rhinovirus replication, we tested the effect of a different class of HSP inducers, the cyclopentenone prostaglandins, on HRV infection.
Cyclopentenone prostaglandins of the A and J type (PGA and PGJ) are known to possess a potent antiviral activity against a wide variety of DNA and RNA viruses in different types of mammalian cells, as well as in animal models (12, 21, (24) (25) (26) . The antiviral activity of these molecules has been associated with their ability to function as a signal for the induction of hsp70 synthesis via cycloheximide-sensitive activation of the transcription factor HSF1 (1, 24) . Micromolar concentrations of PGA 1 , which did not inhibit cell metabolism, significantly reduced HRV yield after one cycle of virus growth while inducing hsp70 synthesis starting 4 h after the beginning of treatment. It is interesting to note that the amount of hsp70 induced by PGA 1 at 33°C, the temperature used for HRV infection, was comparable to that at 37°C, as determined by immunoblot analysis (data not shown). Unlike poliovirus (4), HRV infection did not prevent hsp70 induction by PGA 1 . As shown previously in other cell types (2), PGA 1 was a more effective inducer of hsp70 than heat, since synthesis of hsp70 persisted for at least 10 h after the addition of PGA 1 as compared to 3 to 4 h after HT under the conditions used. PAGE analysis of HRV proteins showed that PGA 1 caused a delay of virus protein synthesis, which did not start before 10 h p.i. This indicates that, as suggested in other virus-host cell models (23) , induction of the heat shock response may affect rhinovirus replication at more than one level. When HRV infection was allowed to proceed for up to 24 to 48 h p.i. without additional treatments, the virus yield progressively reached the level of mock-treated controls, indicating that the antiviral effect is reversible and not due to a cytotoxic effect of the drug. The possibility that hsp70 could be involved in the control of HRV replication is suggested by the fact that treatment with actinomycin D, which blocks hsp70 expression, prevented the inhibition of HRV production in PGA 1 -treated cells. Similar results were obtained with a different cyclopentenone prostaglandin, ⌬ 12 -PGJ 2 , a natural metabolite of PGD 2 , which presently occurs in human body fluids (10) . Treatment with actinomycin D also prevented the antiviral effect of HT in HeLa cells (data not shown).
As anticipated in the introduction, Tyrrell and coworkers have previously described that naturally acquired as well as experimental colds benefit from local HTs (43°C for 20 to 30 min) in randomized double-blind clinical trials in humans (30, 31) . A significant reduction in the mean symptom scores was observed in treated patients. A transient reduction in virus shedding was reported only on the day of treatment, whereas the mean titers in convalescence and the frequencies of antibody response were not significantly different in treated and control groups. Regulation of heat shock gene expression was then hypothesized to be a possible target for the antiviral activity of respiratory hyperthermia (31) . On the other hand, Hendley et al. have shown that two nasal treatments with steam had no effect on viral shedding in volunteers with experimental rhinovirus infections (9) . No beneficial effects from steam inhalation on common cold symptoms were detected in other studies (8, 15) . Differences in the techniques of administering therapy and in the strains of rhinoviruses were both hypothesized to be responsible for the discrepancy in these studies (15) . Our results, which show that HT at 45°C is effective in inhibiting HRV replication in vitro when applied at specific stages of the virus cycle, point out that differences in the temperature utilized and in the time of treatment should be considered. Our results also suggest the possibility that HSP and hsp70 in particular could participate in an intracellular defense strategy during HRV infection. However, several questions on the mechanism by which hsp70 can interfere with rhinovirus replication during heat stress remain to be answered. A better understanding of the role of HSP in virus replication could be useful in the comprehension of the beneficial effect of fever or artificial pyrexia during virus infection and could indicate new strategies in the treatment of the common cold.
